Abstract NMR relaxometry has developed into a method for rapid pore-size determination of natural porous media. Nevertheless, it is prone to uncertainties because of unknown surface relaxivities which depend mainly on the chemical composition of the pore walls as well as on the interfacial dynamics of the pore fluid. The classical approach for the determination of surface relaxivities is the scaling of NMR relaxation times by surface to volume ratios measured by gas adsorption or mercury intrusion. However, it is preferable that a method for the determination of average pore sizes uses the same substance, water, as probe molecule for both relaxometry and surface to volume measurements. One should also ensure that in both experiments the dynamics of the probe molecule takes place on similar length scales, which are in the order of some microns. Therefore, we employed NMR diffusion measurements with different observation times using bipolar pulsed field gradients and applied them to unconsolidated sediments (two purified sands, two natural sands, and one soil). The evaluation by Mitra's short-time model for diffusion in restricted environments yielded information about the surface to volume ratios which is independent of relaxation mechanisms. We point out that methods based on NMR diffusometry yield pore dimensions and surface relaxivities consistent with a pore space as sampled by native pore fluids via the diffusion process. This opens a way to calibrate NMR relaxation measurements with other NMR techniques, providing information about the pore-size distribution of natural porous media directly from relaxometry.
Introduction
Prediction of water mobility and retention in soils caused by root water uptake, redistribution, percolation, and runoff generation is of great interest in a range of fields as diverse as agriculture and resources exploration. However, water distribution and flow on a microscopic scale in a complex system like soil is still poorly understood and the pore space structure is a key factor for understanding these water dynamics. In particular in systems with a narrow pore-size distribution, information about the pore surface or pore surface to volume ratio may be sufficient for a first understanding of water distribution and transport. To date, there are various direct and indirect methods available for the characterization of the pore space, such as multistep outflow measurements, gas adsorption isotherms (BET), mercury intrusion, or imaging techniques such as computed tomography [Brunauer et al., 1938; Gli nski et al., 2011; Petrovic et al., 1982; Ritter and Drake, 1945; van Dam et al., 1994] . All these methods have different characteristic length scales on which the pore space is probed and although these methods are well established, they also may be time consuming, expensive, or produce toxic waste.
In conventional NMR relaxometry, the signal amplitude is proportional to the fluid content while the signal decay rates give information about the pore surface to volume ratios and pore wall interactions. However, relaxation rates do not depend solely on the pore surface to volume ratios. Another factor, the surface relaxivity, also influences relaxation rates and it needs to be calibrated if pore-size distributions or pore surface to volume ratios are to be extracted from the NMR relaxometry measurements [Barrie, 2000; Brownstein and Tarr, 1979; Howard and Kenyon, 1992; H€ urlimann et al., 1994; Sen et al., 1994] . Hence, relaxation times which are directly translated into pore-size distributions using only NMR relaxation measurements are prone to systematic errors if the surface relaxivity is unknown. Surface relaxivities depend on the local dynamics of the fluid, on the chemical composition of the solid-fluid interface [Kleinberg et al., 1994] , and are explicitly linked to NMR measurements. Thus, they cannot be determined directly by non-NMR experiments. A solution is to provide an independent calibration measurement of the pore sizes and to combine it with average NMR relaxation times for the determination of surface relaxivities. There are several experimental methods of characterizing pore sizes: in addition to conventional gas adsorption or mercury intrusion, also NMR methods are available. These methods have the advantage of being sensitive to the same types of dynamics and interactions as the natural pore filling fluid since they use the same probe molecule and time scale as NMR relaxometry.
For the study of flow and diffusion processes, pulsed field gradient nuclear magnetic resonance (PFG NMR) has been in use for a number of decades [Stejskal and Tanner, 1965] . In confined systems like porous media, PFG NMR provides information not only about the confined fluid but also about the structure of the porous system [Callaghan, 1991] . In particular, the employment of PFG NMR was reported for oilfield exploration and related laboratory experiments to distinguish between mobile and immobile fluid in consolidated sediments [Fordham et al., 1994; H€ urlimann et al., 1994] . However, PFG NMR is not restricted to this field of application as these methods have been used in a pilot study of the pore structure of unconsolidated sediments . Further NMR approaches are diffusion tensor methods or double wave vector diffusionweighting experiments, but also magnetization decay due to diffusion in internal magnetic fields or the combination of NMR relaxation with partial desaturation of the porous media [Basser et al., 1994; Kershaw et al., 2013; Koch and Finsterbusch, 2008; Mitra, 1995; Mohnke, 2014; Mutina and Skirda, 2007; Song, 2003] .
In natural porous media, susceptibility differences between solid and liquid interfaces as well as paramagnetic impurities lead to internal gradients which interfere with the external magnetic gradients of the diffusion measurements. To overcome these additional effects, a NMR sequence with two pairs of bipolar PFGs was introduced by Cotts et al. [1989] . This 13 interval pulse sequence consists of pulsed field gradients of equal amplitudes but opposite polarities in combination with phase inverting 1808 rf-pulses so that unknown background gradients do not affect the determination of diffusion coefficients provided the background gradients remain constant during the duration of the experiment. If this condition is not satisfied magic pulsed field gradient (MPFG) NMR as introduced by Galvosas et al. [2004] and Sun et al. [2003] can be used instead, however, this was not necessary in the present study and the application of the 13 interval pulse sequence was sufficient.
Thus, we present in this study the combination of PFG NMR diffusion measurements and NMR relaxometry on purified and natural sands and a natural soil which differ in pore size and pore-size distribution. This approach is an expansion of the work of H€ urlimann et al. [1994] for sedimentary rocks. Using both NMR diffusometry and gas adsorption measurements, we have determined the surface to volume S=V ðÞ ratio of these samples and combined both types of S=V measurements with longitudinal and transverse relaxation times to determine surface relaxivities for these unconsolidated sediments. We will point out that NMR diffusion and gas adsorption experiments give different surface to volume ratios depending on their characteristic length scale and the intrinsic fractal nature of porous media [Daigle et al., 2014; Stallmach et al., 2002] . Finally, we assume that the NMR methods yield pore dimension and surface relaxivity results consistent with a pore space as sampled by native pore fluids if the pore surfaces are not governed by structural details on the nanometer-scale. With the information on surface relaxivities, it is then possible to calibrate NMR relaxation measurements and to obtain information about the pore-size distribution directly from relaxometry [H€ urlimann et al., 1994] .
Theory
Nuclear spins within the sample (we observed SURFACE RELAXIVITIES IN POROUS MEDIAaxis of the B 0 field (which is oriented in the z direction by convention). This macroscopic magnetization is tilted using an additional, orthogonal, and oscillating magnetic field which has a frequency equal to the precession of the nuclear spins and is typically applied as an rf-pulse. After excitation by this pulse, the precessing magnetization can be detected by convenient methods, so-called pulse sequences, along with its relaxation to the equilibrium state. Here, the signal amplitude yields information about the total fluid content within the sample and the relaxation times contain information about the dynamics of the fluid.
In porous media, relaxation times are related to the pore sizes by the fast exchange model of Brownstein and Tarr [1979] if one assumes weak pore coupling [McCall et al., 1991] and neglects the contribution of diffusion in magnetic field gradients to the transverse relaxation rate,
with i 5 1 for longitudinal and i 5 2 for transverse relaxation. T i; bulk are the relaxation times of bulk water, q i are surface relaxivity parameters, and S=V denotes the pore surface area to pore volume ratio of the porous medium.
The surface relaxivities depend on the surface structure and chemical composition at the solid-fluid interface as well as on the local dynamics of the pore fluid at the interface. Using the Brownstein-Tarr equation (1) it is possible to determine the surface to volume ratio of a saturated porous medium if the surface relaxivity q is known and assumed to be homogeneous. With A the specific surface area, q 0 the bulk density, and / the porosity of the porous medium, equation (1) can be rewritten as
where the brackets hiindicate average values.
Thus, NMR relaxation measurements can either be used to determine the surface relaxivities if the pore surface to volume ratio is known or vice versa, but it is not possible to gain information about both parameters simultaneously without further knowledge.
It should be noted that a precondition of the Brownstein-Tarr equation (1) is the fast diffusion assumption, which states that the diffusional motion of the water molecules through the entire pore is faster than the surface relaxation. It is controlled by the parameter
with i51 for longitudinal and i52 for transverse relaxation, and r describes the characteristic dimension of the pore [Brownstein and Tarr, 1979; Godefroy et al., 2001] . In porous media, r is assumed to be r5g Á V S , with the geometric factor g (see below).
In fact, the calculation of the surface relaxivities following equation (1) is only valid if the fast diffusion criterion is applicable, thus j < 0:1. In case of a questionable fast diffusion assumption, it is possible to use as a first approximation a more general function between surface relaxivity and relaxation time valid in the intermediate regime [Godefroy et al., 2001; Keating, 2014] :
with T 21 2; P the transverse peak relaxation rate, D the diffusion coefficient and g52 for cylindrical pores, g53 for spherical ones, or more general for example g530 for regular tetrahedral pores where the radius is one-half the length of one side [Keating and Falzone, 2013] . Equation (4) has two limiting cases, on the one hand the pure surface limited relaxation process for j i ( 1, and on the other hand the pure diffusion limited relaxation process with j i ) 1. In the surface limited case, equation (4) is identical to equation (1) while for the diffusion limited case relaxation processes at the pore walls are assumed to cause instantaneous and complete magnetization loss. In the intermediate regime, the diffusion term in equation (4) acts as a correction term for the surface relaxation due to a reduced mobility of the water molecules in the pores. [Torrey, 1956] . This is not always the case, in particular for unconsolidated sediments with grain and pore sizes of several tens of micrometers, and the influence of effective internal magnetic field gradients becomes more complex. For a theoretical understanding of the interaction between NMR relaxation and effective field gradients in porous media, one can follow the fundamental works of H€ urlimann [1998] and Mitchell et al. [2010] . Diffusion regimes are defined by the ratios between the dephasing length, the structural length, and the diffusion path length (equations (1)- (6) in Mitchell et al. [2010] ). The dephasing length l g is the length scale at which a spin dephases by 2p rad by diffusing within an effective internal gradient g eff
with D 0 the diffusion coefficient of bulk water and c the gyromagnetic ratio. As a first approximation, it is possible to obtain the maximum effective gradient without prior knowledge of the pore size and the shape of the magnetic field as [Mitchell et al., 2010] 
with Dv the magnetic susceptibility difference at the solid-liquid interface and B 0 the external magnetic field strength. The structural length l S is a measure for the pore sizes, and the diffusion path length l E is defined as the length scale a spin diffuses during the echo time
The different diffusion regimes which are limited by these length scales are (i) the motional averaging regime where both l g ) l S and l E ) l S , so usually applicable for small pores, (ii) the localization regime where l g ( l S and l E ) l S , so that spins are sensitive to variations in the local magnetic field strength, and (iii) the short-time regime where l g ) l S and l E ( l S , so that spins behave as in the case of free diffusion. Note that in the case that two length scales are comparable (i.e., l g % l E , l g % l S ,o rl E % l S ) or in the case that both length scales satisfy l g ( l S and l E ( l S , there is no particular diffusion regime defined. As a result, the interactions between relaxation and internal gradients are not well-defined and cannot be analyzed in detail.
In contrast to relaxation measurements, in diffusion experiments there is a direct relationship between the time-dependent apparent self-diffusion coefficient D app t ðÞand geometrical properties of the pore space without a surface relaxivity parameter [Latour et al., 1993] . In bulk fluid and therefore for unrestricted diffusion, the self-diffusion coefficient is related to the mean square displacement l 0 by
where r * D ðÞ is the position at the time D, r * 0 ðÞis the position at time zero, and D 0 the bulk self-diffusion coefficient. n is related to the dimensionality of the diffusion process and is 1, 2, or 3 for 1-D, 2-D, or 3-D diffusion, respectively. In confined systems, the diffusion path of the water molecules is restricted by the pore walls. Therefore, the apparent self-diffusion coefficient D app D ðÞis reduced compared to the self-diffusion coefficient D 0 and it depends on the ratio between the length scale of the confining system and the root mean squared displacement (RMSD) l of the bulk fluid which is determined by the observation time of the diffusion process D [Sen, 2004] . Due to the interconnectivity of pores, the relationship between the apparent diffusion coefficient and pore geometry can be complicated and may not be accessible based on NMR diffusion measurements alone. However, for short observation times, it was shown by Mitra et al. [1992] and experimentally proven by H€ urlimann et al. [1994] that the apparent diffusion coefficient decreases with the square root of the observation time D following the relation
where O D 0 D ðÞ describes higher orders of D 0 D ðÞ . The main term of this ''short-time behavior'' depends only on the surface to volume ratio S=V and it is independent of any other parameter, in particular independent of the surface chemistry and surface relaxivity.
In the long-time limit as D !1, the diffusion coefficient ratio approaches the value 1=a, with a the tortuosity of the medium which is a measure for the interconnectivity of the pores. Using the short and the longtime behaviors, one can extrapolate and approach the real relation by a two point Pad e approximation [Brown et al., 2012; Mair et al., 2001 ]
where h is a fitting parameter in units of time which describes the time a water molecule needs to diffuse the distance of the tortuosity limit.
Common NMR methods for measuring the apparent self-diffusion coefficient are pulsed-field gradient NMR experiments [Stejskal and Tanner, 1965; Tanner, 1970] . The combination of a NMR diffusion experiment with a NMR relaxation measurement enables both the determination of the pore-size distribution and the surface relaxivities without the need for knowledge about the microscopic pore wall chemistry and NMR relevant interactions at or near the pore wall.
Materials and Methods
In this study, four different sand samples and one soil sample were used. For comparison, data from a monodisperse packing (grain diameter of 400 lm) of glass beads (GB) have been reprocessed from literature . Two of the sand samples (SN1 and SN2) were natural quartz sands purchased from Quarzwerke GmbH, Frechen, Germany. The other sand samples (SW1 purchased from Sigma Aldrich Chemie GmbH, Steinheim, Germany, and SW2 purchased from Scientific & Chemical Supplies Ltd., Bilston, UK) were acid washed to remove paramagnetic impurities from the surface of the grains. All sand samples consisted of more than 99% SiO 2 and differed mainly by their grain size and porosity (Table 1 ). The soil sample (SO) was a sieved (< 2 mm) sandy soil from a test site in Vechtel, Germany which is part of the long-term soil monitoring program of Lower Saxony, Germany. The soil was characterized as a Podzol-Gleysol, horizon A, and contains 95.7% w/w sand, 3.4% w/w silt, and 0.9% w/w clay. The soil information is given according to the current valid ''manual of soil mapping'' (KA5) of the German Federal Institute for Geosciences and Natural Resources. The fundamental properties of all samples are listed in Table 1 . For the determination of the paramagnetic impurities on the surface of the pores, random samples with a mass of 1 g were taken, the impurities were washed off the grains using aqua regia at room temperature, and the solutions were analyzed by ICP-OES. The paramagnetic contents are given as sum of the main parts (compounds of iron and manganese) as mass fractions of the porous media. The given porosity was determined gravimetrically.
For the NMR measurements, all samples were measured fully saturated with deionized water in sample tubes with 13 mm inner diameter and 100 mm height. Centrifugation of the samples at 50003g for 5 min before the measurements ensured comparable packing densities and 100% water saturation of the pore space.
High-field NMR diffusion and relaxation experiments on the sand and soil samples were performed at room temperature ($218C) using a superconducting vertical wide-bore magnet with a Bruker AVANCE400 spectrometer and a Bruker Micro2.5 microimaging gradient set. The system operated at 400 MHz 1 H resonance frequency and contained a 15 mm inner diameter birdcage resonator with a sensitive height of 20 mm. Low-field NMR relaxation measurements were conducted on a home-built Halbach magnet with a 1 H resonance frequency of 6.4 MHz [Raich and Blumler, 2004] . The low-field system was connected to a STELAR T 1 relaxation was determined by the inversion recovery (IR) pulse sequence [Vold et al., 1968] which measures the relaxation state of the longitudinal magnetization of the pore fluid as a function of the delay time. This delay time was altered between 2 ms and 20 s in 16 exponentially increasing time steps.
T 2 relaxation was measured by the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [Carr and Purcell,1 9 5 4 ; Meiboom and Gill, 1958] , with echo times at high magnetic field ranging from t E 5 0.2 ms to t E 5 5.38 ms and at low field ranging from t E 5 0.15 ms to t E 5 2 ms. The repetition time for these experiments was t R 5 5sat both high and low magnetic field strength. The bulk relaxation times of both T 1 and T 2 relaxation were determined by extracting pore water from the samples via centrifugation.
The measurements of the apparent self-diffusion coefficients of water D app D ðÞin the porous media as a function of the observation time D were performed with the 13 interval sequence introduced by Cotts et al. [1989] (Figure 1 ) to suppress disturbances in the NMR signal induced by internal magnetic field gradients [Kleinberg et al., 1994; Spindler et al., 2011; Stallmach and Galvosas, 2007] . For a given D, the strength of the magnetic field gradients was varied. The gradient pairs were applied in the z direction (vertical), which is the direction of the static magnetic field B 0 , and the gradients strength was incremented from 0.01 T=mto the maximum of 1.44 T=m in 32 steps for all samples. In order to attenuate the signal to the noise level with the highest possible gradient strength, the gradient duration d was set to 1 ms. The observation time D was varied from 3.5 ms to 1 s for the sand samples in 21 steps and from 2.58 to 146 ms in 16 steps for the soil sample. The observation time D of the soil sample was limited by the shorter longitudinal relaxation time T 1 as compared to the sand samples. All parameters are illustrated in Figure 1 .
All acquired data were initially processed with Prospa V R (Magritek Ltd., Wellington, New Zealand). Relaxation time distributions were obtained using a home built Matlab-based Inverse Laplace Transformation routine. The relaxation time boundaries were set to a minimum of 100 ls and a maximum of 5 s and calculated for 100 steps. The regularization parameter k was chosen from the representation of the variance as a function of log k (L-curve) when k was varied between 10 7 and 10 12 in 35 steps. The optimal value for k as balance between the residual fit error and the influence of the ill-posedness of the inverse problem was chosen at the heel of the L-curve [Hansen, 1992; Song et al., 2002] .
For the self-diffusion data, D app D ðÞ was obtained from fitting an exponential function to the magnetization decay M=M 0 ðÞ normalized on a reference measurement with the same settings with the exception that g50 as function of the gradient strength according to the equation of Cotts et al. [1989] 
with b5 cgd ðÞ 2 Á 4D16s22d=3 ðÞ , c the gyromagnetic ratio of hydrogen, g the gradient strength, d the gradient duration, and s the spacing between the first two rf pulses. It should be noted that this normalization also suppresses possible effects of surface relaxation during the diffusion measurement. For the final step of data evaluation, the fitting of the two point Pad e approximation (equation (10)) to the normalized ratios D app D ðÞ =D 0 , a Python nonlinear least squares fitting routine was used [Brown et al., 2012] . For comparison to a non-NMR method, we measured the specific surface of the porous media with krypton BET. Krypton BET was used instead of standard nitrogen BET because the total surface area of the pore space in the sand samples was too small for nitrogen in our measurement setup. To validate the krypton BET experiments, the soil sample was also measured with nitrogen BET and both techniques yielded the same specific area.
Results and Discussion

Relaxation Experiments
The longitudinal relaxation time distributions at 400 MHz are monomodal except for the soil sample (not shown) so that there is no indication for diffusion-weighting by multimodal pore-size distributions. The resulting mean T 1 times are listed in Table 2 . For the glass bead sample and sand samples, all values are higher than 1.5 s which justifies long observation times for the diffusion experiments. The longitudinal relaxation distribution of the soil sample instead shows a bimodal behavior with mean T 1 times of T 1, fast 5 20 ms and T 1, slow 5 110 ms which limits the longest possible observation time to D 5 146 ms.
The effective T 2 distributions obtained with a CPMG-sequence reveal bimodal shapes for all sands and a broader range of T 2 times for the soil sample for both magnetic field strengths (400 MHz, Figure 2a , and 6.4 MHz, Figure 2b ). The slow modes contribute at least 90% to the total areas for the sand samples while for the soil all modes are approximately equal. It should be noted that if the fast diffusion limit cannot be assumed Figure 1 . 13 interval pulse sequence with pulsed field gradients G i with i5x; y; or z as introduced by Cotts et al. [1989] . The pulse sequence consists of both rf-pulses (p=2-pulses which rotate the magnetization by 908 and p-pulses with a rotation angle of 1808) (first line) and gradient pulses (second line). The sequence can be divided in three parts, the encoding period when the diffusion measurement is prepared, the evolution period, when the magnetization is stored in the -z direction, and the decoding period when the spin echo containing the information is read. s describes the time between two rf-pulses during the preparation and read interval while D is the observation time which depicts the time the magnetization is stored. The magnetic gradient strengths g are altered during a diffusion experiment and d is the width of the gradient pulses. Finally, d 1 and d 2 describe the time between the rf-pulses and the gradient pulse. The apparent self-diffusion coefficients of water D app D ðÞ were determined as a function of the observation time D. SURFACE RELAXIVITIES IN POROUS MEDIAto be true, the resulting relaxation time distribution shows not only contributions of different pore environments but also higher eigenmodes of the relaxation process. [Godefroy et al., 2001; Keating, 2014; Mohnke and Klitzsch, 2010; Ryu and Johnson, 2009] . In this case, the peak relaxation times of the slowest modes, T eff 2;P ,maybe a more appropriate representation than the weighted arithmetic means T eff 2;M because T eff 2;P then would represent the slowest eigenmode [Dlugosch et al.,2013] .Therefore,bothvaluesaregiveninTable2.
The influence of diffusion within internal magnetic field gradients was determined by echo-time dependent CPMG measurements and by the comparison of low and high magnetic field strengths. The shift in the mean transverse relaxation time by approximately a factor of two for the sand samples between 6.4 MHz and 400 MHz demonstrates the influence of the magnetic field strength via internal field gradients caused by susceptibility differences [Washburn et al., 2008] (Figures 2a and 2b) . The arithmetic means of the T 2 relaxation times as a function of the echo time are shown in Figure 2c for high field and in Figure 2d for low field. It is clear that for the shortest echo time of t E 5 0.2 ms no significant influence of t E on the transverse relaxation time has to be taken into account.
Figures 2c and 2d further show that the linear dependence between the relaxation rate and t 2 E ,aspredictedfrom the Bloch-Torrey equation is not met [Torrey, 1956] . For a more detailed analysis of the effect of internal gradients on the relaxation data, we followed the work of Mitchell et al. [2010] (equations (5)- (7)). We can estimate the internal gradients (equation (5)) with Dv app , the apparent volumetric magnetic susceptibility difference at the solidliquid interface of quartz sand Dv app % 10 25 ÀÁ (adopted from Mullins [1977] ). For our sand samples, it yields maximum gradients as large as 0.6 T=m at 6.4 MHz, and 300 T=m at 400 MHz. The dephasing length l g is then approximately 2.4 lminthelowfieldand0.3lm for the high field, while the structural length l S is about 70 lm for the example of the SN2 sample, and the diffusion path length l E is about 0.7 lm during the echo period of t E 5 0.2 ms. Hence, both l g ( l S and l E ( l S ,andl g % l E , so that our measurements are not performed in any of the specified diffusion regimes where the echo time dependence of the magnetic decay would be well-defined but halfway between the short-time and the localization regime. Hence, the measured mean relaxation times shouldbetermedaseffectivetimesT 2; eff which imply both contributions of true T 2 relaxation and effects of diffusion in internal gradients. Nevertheless, the existence of a dependence of the NMR signal amplitude on t E shows that internal gradients occur, and the diffusion measurements should be performed with bipolar pulsed field gradient pairs to compensate for such effects [Cotts et al., 1989] .
Diffusion Measurements and Surface to Volume Ratios
Apparent self-diffusion coefficients of water were determined as a function of the observation times. The fitted two point Pad e approximations (equation (10) Figure 3 where the data of the glass beads were adopted from Vogt et al. [2002] and reprocessed. The initial slopes of these approximations (Figure 3 ) depend on the surface to volume ratios only. They are represented by the sloped-dashed lines, whereas the horizontal-dashed lines show the limit of the diffusion coefficient for long times and represent the inverse tortuosity 1=a. Although the uncertainty of 1=a is comparably high due to limited maximum observation times D, this does not affect the determination of S=V which is contained in the initial slope. Furthermore, the correctness of the procedure is validated since all apparent diffusion coefficients are smaller than the bulk diffusion coefficient D 0 .
The resulting fitting parameters D 0 and S=V are included in Table 3 . Also included are surface to volume ratios measured with krypton BET and, for comparison, the calculation of S=V by a geometrical model,
where the surface to volume ratio of a random packing of spherical grains is estimated from the grain diameter d g and porosity / [Latour et al., 1993] . The model is based upon the assumption that the packing consists of a homogeneous distribution of grains of the same size which approach a spherical shape. Therefore, it is not appropriate to apply this model to the soil sample with a broad grain-size distribution.
The diffusion measurement of the soil sample was more challenging than the quartz sand measurements because of the fast relaxation rates. In fact, the contribution of the fast mode to the T 2 relaxation time distribution counts for relaxation times shorter than 5 ms and therefore it does not contribute to the diffusion signal because the smallest possible period s between the first two RF pulses was s5 5.4 ms. It is noteworthy that soil samples with a higher amount of silt and clay, resulting in smaller pores, typically have relaxation times in this range or even shorter so that the decay of the magnetization is too fast for diffusion experiments performed with this pulse sequence.
One example of the relative magnetization decay depending on the gradient strength for the soil sample (dots) is shown in Figure  4 together with the comparative result for the SN2 sample (squares). The dashed line represents the noise level. One can see that the magnetization of the soil sample reaches an offset of about 10% of the total magnetization at high gradient strengths instead of reaching the noise level, as observed in the a The notations refer to the samples as described in Table 1 . The reference surface to volume ratio is calculated by a model (equation (12)). There is no error given for the modelled values because the determination of the model error is beyond the scope of this study.
c The properties of the glass beads are adopted from Vogt et al. [2002] and recalculated. There was no BET measurement performed for the glass beads. sand. This is due to small pore fractions in the soil sample containing water which is practically immobile [J€ ager et al., 2011; Jaynes et al., 1995] , but which leads to the bimodal longitudinal relaxation time distribution as discussed in the relaxation experiments section. This indicates a weighting of the diffusion measurement towards the slow mode in particular for long observation times. Thus, the apparent self-diffusion coefficients D app D ðÞ were determined for small gradient strengths only using the initial slope of the magnetization decay. The result is included in Figure 3f . Due to the offset shown in Figure 4 and the resulting smaller number of data points available for the determination of the diffusion coefficients, the relative errors of the apparent diffusion coefficients are higher for the soil than for the sand samples (Figure 3f ).
The most striking point concerning surface to volume ratios is that the BET measurements yield greater values than the NMR diffusion experiments by a factor of 2-6 (Table 3) . We can explain this by the different surface morphologies to which the two methods are sensitive. On the one hand, during NMR measurements the water molecules diffuse through a surface layer of water averaging over structures smaller than the dephasing length of about 0.3 to 2.4 lm, and water molecules trapped in small confinements do not contribute to the signal due to the fast relaxation . On the other hand, BET is measuring adsorption and desorption using gas isotherms so that the surface averaging takes place on the scale of the size of the probe gas atom or molecule which is usually some orders of magnitude smaller than the dephasing length in NMR experiments. Despite the differences between S=V NMR and S=V BET , both are generally in good agreement with corresponding values reported in literature. Grunewald and Knight [2011] published S=V BET 50:53 lm 21 for a quartz sand with a mean grain diameter between 0:12 mm and 0:21 mm (for comparison see Table 1 ) and Vogt et al. [2002] reported S=V NMR between 0:023 lm 21 and 0:045 lm 21 for different quartz sands at 400 MHz. The reported surface to volume ratios are typically higher for rock samples than for unconsolidated sediments due to the different pore structure, but the S=V NMR and S=V BET differ as much or even more than the values reported here. For instance, H€ urlimann et al. [1994] For comparison, the geometric model (equation (12)) estimates the surface to volume ratio of a packing of spherical grains. It agrees closest with the experimental data of the spherical glass beads but with respect to S=V of the sands, the model fits the NMR data better than the BET results. Thus, we have demonstrated that for NMR measurements, the averaging effect of the probe molecules leads to a closer agreement between the experimental results and the spherical model and for sands it is a reasonable estimate of the surface to volume ratio .
Surface Relaxivities
The longitudinal and effective transverse surface relaxivities q 1 and q 2 calculated via equation (1) using S=V NMR , S=V Model ,o rS=V BET and the mean relaxation times are summarized in Table 4 . It should be noted that these are effective values since they are calculated from the effective mean transverse relaxation times which imply contributions from true T 2 and from diffusion in internal gradients. The bulk relaxation times used for the calculation of the surface relaxivities were determined as T 1; bulk to range from 2.8 to 2.9 s and 2.4 6 0.5 0.3 6 0.1 3.4 60 6 20 8 6 19 12 5 6 6 3.3 6 0.3 36 SN2 5.6 6 0.5 1.1 6 0.1 9.7 70 6 10 14 6 1 124 26 6 4 5.0 6 0.3 45 SW1 5.5 6 0.5 1.7 6 0.3 8.8 60 6 10 20 6 29 8 2 1 6 4 6.7 6 0.5 34 SW2 5.6 6 0.6 2.7 6 0.7 7.2 130 6 20 60 6 10 171 70 6 10 31 6 58 5 SO 90 6 20 17 6 3 360 6 50 65 6 83 2 6 3 5.7 6 0.7 a The notations of the samples are described in Table 1 . b The used model of a random packing of spherical grains is described in equation (12). c The properties of the glass beads are adopted from Vogt et al. [2002] and recalculated.
as T 2; bulk to range from 1.8 to 2.1 s for all samples. The differences in the surface to volume ratios directly translate to the differences in the surface relaxivities. The longitudinal surface relaxivities of the glass bead and sand samples, obtained from S=V NMR , range from 2 to 6 lm/s and are in good agreement with literature data [H€ urlimann et al., 1994] . Based upon the NMR diffusion measurements, q 1 of the soil sample is 90 lm/s, where the increased surface relaxivity is due to enhanced relaxation rates caused by the higher content of paramagnetic impurities (see Table 1 ).
Due to faster transverse relaxation, the transverse surface relaxivities at 400 MHz range from 60 to 360 lm/s and are about one order of magnitude higher than q 1 for the sand samples and a factor of four higher for the soil sample. At 6.4 MHz, compared to the high field values, q 2 is reduced by a factor of two for the sand samples and a factor of 10 for the soil sample due to the slower effective relaxation rates. Thus, the transverse surface relaxivities may be prone to the influence of internal gradients [Mitchell et al., 2010] . Additionally, transverse relaxation rates and q 2 are dependent on the external magnetic field strength.
The surface relaxivity values resulting from the model calculations are in the same range as the NMR values due to similar surface to volume ratios, while calculations based on the BET measurements differ by a factor of 2-6. The higher estimates of the surface relaxivity in the BET calculations reflect the higher surface to volume ratios measured with this technique.
To visualize the surface relaxivity trends, the data from Table 4 are displayed graphically in Figure 5 . It is noteworthy that for each sample q 1 is always smaller than q 2 , for a given magnetic field strength and independent of the pore surface measurement, which agrees with the theory. Additionally, for the sand samples both the q 1 NMR and the q 2 NMR (calculated using S=V NMR ) do not show a trend accounting for the same surface material of these samples. In contrast, clear trends are observed in the surface relaxivity data calculated using BET measurements and these follow the inverse trend in the BET surface to volume ratios (right hand sides).
The NMR surface relaxivities are comparable to values in the literature where the longitudinal surface relaxivity vary between 5 and 20 lm/s in sandstones, sand, and soil materials [H€ urlimann et al., 1994; Pohlmeier et al., 2009] . For the transverse surface relaxivities, the reported values for pure SiO 2 sand deduced from S=V BET of 0.5 lm/s at 2.2 MHz fit to the trend of our results at higher magnetic field strengths [Grunewald and Knight, 2011] . Also, Fleury Table 4 ). ''q 1;2 NMR'' and ''q 1;2 BET'' refer to the calculation using either S=V NMR or S=V BET (Table 3 ) and the respective effective relaxation times (Table 2) .
[2007] reported q 2 between 1.2 and 3 lm/s for SiC grain packs at 2 MHz. These values are smaller than those we have determined in this work for some natural sands. However, S=V of the SiC samples were considerably higher, surface chemistry is different, and B 0 was smaller which makes a direct comparison difficult. Since effective T 2 and therefore q 2 are considerably affected by the background field strength B 0 and via field strength dependent internal gradients Mitchell et al., 2010] , the values determined here are indeed comparable.
Nevertheless, as discussed before, our measurements were not performed in a defined diffusion regime. In particular, the fast diffusion assumption may not be met for all experiments. Therefore, equation (4) may be a more appropriate choice to calculate the surface relaxivities. Assuming the pore geometry in first approximation is cylindrical (g52) or spherical (g53), the resulting surface relaxivities of the quartz sand samples at high magnetic field strength are listed in Table 5 for both NMR and BET pore surface to volume ratios. In particular the q 2 using S=V NMR show a significant dependence on the pore geometry while this dependence for q 2 using S=V BET is less pronounced because of the much higher surface to volume ratios. This is another indication of measurements which do not meet the fast diffusion criterion. Although the real pore geometry is unknown, quartz sand pores are certainly neither cylindrical nor spherical but are irregularly shaped. Additionally, indicators for a fractal nature of the pore surface of quartz sand have been reported and would suggest much higher values for the geometry factor, such as g530 proposed by Keating and Falzone [2013] . Nevertheless, a drawback of equation (4) is its dependence of the surface relaxivity on the unknown pore geometry and therefore the need for pore surface measurements which are assumed to reflect more realistic pore geometries.
Another problem of this method is the possibility that negative values may appear for the surface relaxivities (see q 2 NMR for the SW2 sample in Table 5 ). This happens if the second term in equation (4), which describes relaxation by diffusion in the pore fluid, dominates the whole relaxation process. In this case, it is impossible to determine a reasonable surface relaxivity from the NMR relaxation data.
In conclusion, the surface relaxivities shown in Table 4 represent a lower limit, in particular for q 2 , because no correction of diffusion effects in bulk fluid, which depends on the pore geometry, is used. With respect to the effective pore size, one has to recall that the surface relaxivities depend on the scaling with either S=V BET or S=V NMR . S=V NMR yields self-consistent values for the lower limit of the surface relaxivities of the sands leading to a narrow clustering of the surface relaxivities for samples with similar pore surface chemistry, a result not observed in calculations using BET (see Figure 5 ). This indicates that NMR diffusion measurements are more suitable to scale NMR relaxation time distributions into pore-size distributions than BET experiments since the former probe pore space on comparable length scales.
Conclusions
NMR measurements of the apparent diffusion coefficient, as a function of observation time, were used to determine the surface to volume ratios of the pore space in quartz sand and soil samples. The values determined with NMR (0.039-0.159 lm 21 ) are approximately one order of magnitude smaller than values derived from BET measurements (0.29-0.88 lm 21 ). While both the NMR and BET estimates of S=V agree with values published in the literature, surface to volume ratios from model calculations of the glass bead and sand samples, assuming a random packing of spherical grains, generally agree with the NMR-based estimates. Finally, surface to volume ratios were used in combination with NMR relaxation experiments to determine surface relaxivities. Once known, these surface relaxivities act as a calibration allowing NMR relaxation measurements alone to be used as a fast characterization of the pore space provided the same magnetic field strength is used for both measurements. Comparing the different methods for estimating surface to volume ratios, we propose that NMR diffusion measurements are more suitable to calculate the surface relaxivities than BET measurements. Due to the fractal nature of the surface of natural porous media , the S=V NMR is more appropriate as it uses water as probing molecule and is measured on the same timescale as the relaxation NMR experiments. As a result, the NMR approach is preferable for the determination of effective pore sizes.
In addition, NMR works with the natural pore fluid moving in the pore space, so it probes the pore grain interface in a way which might be more relevant for hydrological processes than other methods which are performed with pore filling fluids other than water. Hence, regarding flow, fluid transport, or fluid mobilization in porous media, we believe that NMR diffusion measurements yield more suitable pore space information.
